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ABSTRACT 
The earliest known event in the sequence leading to mitosis is the duplication of 
cell centers. The present investigation shows that the synthesis of DNA, although 
closely following it in time, is initiated entirely independently of this prior event. 
Fertilized eggs of the sea urchin, S. purpuratus, were exposed to/$-mercaptoethanol 
at intervals during development. This substance,  when introduced at appropriate 
times, blocks mitosis and also prevents duplication of centers. Whether or not dup- 
lication of centers had already occurred before introduction of the blocking agent 
was  determined  by observing the  division patterns  of eggs  after  the  mercapto- 
ethanol was  removed: division of one cell into two, or of two into four  indicated 
that  duplication had not occurred; division of one into four or of two into  eight, 
that  it had.  Incorporation of HMabeled  thymidine into  DNA,  as demonstrated 
by autoradiography, showed  that DNA synthesis took place during the  mercapto- 
ethanol  block  regardless  of whether  or  not  the  centers had  already  duplicated. 
Thus the two major reproductive events of  the  mitotic sequence,  although  nor- 
mally coordinated in time, can be dissociated experimentally and shown to function 
independently. 
IIYTR OD UCTION 
The  mitotic  distribution  of  genetic  material 
to the progeny  of a  dividing  cell is preceded  by  a 
number of preliminary events, commonly described 
as  preparations  for  division.  These  preparations 
include  the  doubling  of  chromosome  substance, 
the  reproduction  of the centers,  the  assembly  of 
the  mitotic  apparatus,  and  the  allocation  of 
energy  specifically  for  division  (2). 
At  the  present  state  of  our  knowledge,  the 
earliest  clearly  definable  event  in  the  mitotic 
sequence is the duplication  of  the cell  centers  (or 
centrioles) which, in the sea urchin at least, occurs 
during  the  final  stages  of  the  division  preceding 
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the  one  in  which  they  are  to  serve  as  separate 
functioning units  (2,  5).  The question arises as  to 
whether this might serve as the initiating event in 
an interdependent series, or whether each requisite 
process  occurs  independently  in  parallel,  and  not 
until all are completed can the coordinating mitotic 
machinery go into operation. 
At  first  glance,  this  question  might  seem  to 
have been  answered  by  the numerous  older cyto- 
logical observations of the independence of chrom- 
osome reproduction  from  the  reproduction  of  the 
centers.  The  most  familiar  class  of  such  cases  is 
endomitosis and related forms of endoreproduction 
such  as  polyploidization  by  colchicine and  other 
agents.  Here  the  chromosome  complement  in- 
creases without a  visible increase in the number  of 
centers.  However, it has now been shown  that  the 
fundamental  reproduction  of  the  centrioles  and 
the division of  the  progeny  to  form distinguish- 
able  mitotic  centers  are  separable  processes  (5). 
The centers are normally double  units,  can  sepa- 
rate  into  single  units  under  experimental  condi- 
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tions, and  it is entirely conceivable that  they may 
in cases in which endoreproduction of the chromo- 
somes  takes  place,  also  reproduce  without  divi- 
sion to form polyploid centers. The purpose of the 
present study was to test this possibility. 
It  is possible  to  determine  whether  or  not  the 
centers have duplicated through  the use of ~-mer- 
captoethanol.  Two  effects  of  mercaptoethanol 
have  been  described:  (a)  it  inhibits  mitosis  if 
applied at any time prior to metaphase, and  (b)  it 
inhibits  the  duplication  of  centers.  However,  it 
does  not  interfere  with  the  splitting  of  centers, 
nor  does  it  prevent  their  separation  to  opposite 
nuclear poles at  appropriate  times in  the mitotic 
sequence  (3,  6,  5).  These  findings  permit  the 
designing  of  experiments  to find  out  whether  the 
synthesis of  deoxyribonucleic acid  (DNA), which 
follows closely upon the replication of the centers, 
is or is  not  dependent  upon  the prior  occurrence 
of this initial event in the mitotic sequence. 
The  following  additional  information,  which 
was available to us from prior work of T. Bibring} 
was  essential  to  the  plan  of  the  present  experi- 
ments.  (a)  The sea urchin eggs take up thymidine 
rapidly.  (b)  Mercaptoethanol  per  se  does  not 
block  the  incorporation  of  thymidine  into  DNA. 
(c)  If the cells are blocked by mercaptoethanol  at 
metaphase,  they  do  not  incorporate  thymidine 
into chromosomal DNA  as long as the block  con- 
tinues.  It is important to note that points (b)  and 
(c) are not contradictory; they say that mercapto- 
ethanol  does not  inhibit  DNA synthesis  directly, 
but  can  do  so  indirectly  by  keeping  the  chromo- 
somes in  their  condensed  mitotic form.  This  is in 
agreement with all previous information (9)  to the 
effect that  chromosomes  do  not  synthesize  DNA 
during mitosis. 
The experimental  design is as follows: mercapto- 
ethanol is added  to a  suspension  of fertilized  eggs 
either before or after the centers have duplicated. 
A  short  time  later  tritium-labeled  thymidine  is 
added,  and  incubation  is  continued  sufficiently 
long  to  permit  the  splitting  and  separation  of 
whatever centers  are present.  The appearance  of 
radioactivity in the nuclei during  this time serves 
as an indication of whether or not DNA synthesis 
has  occurred  during  the  mercaptoethanol  block. 
The cells are then washed free of  mercaptoethanol 
1 Thomas  Bibring,  Doctoral Thesis,  Department  of 
Zoology,  University of  California,  Berkeley,  in  prep- 
aration. 
and  their  pattern  of  division  observed  during 
recovery from  the block.  If duplication  of centers 
has not taken place, one cell will divide into two; 
if it has,  one cell will divide directly into  three or 
four  daughter  cells.  The  evidence  justifying  this 
criterion for duplication  of centers  has  previously 
been  reported  by  Mazia  el  al.  (5). 
Materials  and Methods 
All experiments were carried out with S. purpuralus, 
collected in  the  San  Francisco region.  Eggs were sus- 
pended in sea water, fertilized, incubated at 15°C., and 
treated  with  mercaptoethanol  as previously  described 
(5). /~-Mercaptoethanol,  obtained  from  Eastman  Or~ 
ganic  Chemicals  Department,  Rochester,  N.Y.,  was 
employed in a final concentration of 0.075 M. 
Incorporation  of  tritium labeled  thymidine  into 
DNA, as determined by autoradiography,  was used  as 
an index of DNA synthesis. Thymidine of high specific 
activity  (3.0  curies  per  rnM), obtained  from  Schwarz 
Laboratories, Inc., Mt. Vernon,  New York, was added 
to produce final concentrations of 3 or 10 microcuries 
per ml. of egg suspension. 
At specified intervals eggs were fixed in alcohol-acetic 
acid  (3:1),  embedded  in  paraffin  or  methacrylate  (8 
parts butyl to  1 part methyl), and sectioned at 3 or 4 
microns respectively. 
Slides were stained by the Feulgen method. Plates of 
autoradiographic stripping film were immersed briefly in 
100 per cent ethanol, then transferred to a dish of 95 per 
cent ethanol in which the film was scored  with a razor 
blade and gently peeled off the plate. It was floated on 
water,  and  applied to the slides  in the usual  manner. 
The alcohol stripping  technique was found  helpful  in 
avoiding the flashing  due to static electricity that com- 
monly occurs in dry climates (4). 
RESULTS 
First Division.--Eggs  from a  single female were 
fertilized  at  zero  time,  subdivided  into  1  ml. 
batches and incubated at 15°C. At the times shown 
in  Table  I  mercaptoethanol  was  added,  followed 
10 or 20 minutes  later by labeled  thymidine.  The 
delayed  addition  of  the  thymidine  allowed  time 
for  the  mercaptoethanol  block  to  become  estab- 
lished.  After  approximately  90  minutes  in  mer- 
captoetbanol,  samples  from each  t:atch  were fixed 
in alcohol-acetic acid. This was the point at which 
untreated  controls were passing  through  the two- 
cell stage.  The  remainder  of each  batch  was  con- 
tinued  in  the  blocking  medium  for  a  total  of  3 
hours. By this time the centers in the blocked eggs 
had  ample  time  to  split  and  separate,  since  un- 
treated  controls  were  now  passing  through  the NANCY L.  R.  BUCHER  AND  DANIEL MAZIA  653 
TABLE I 




Added  H~-thy- 
ME* at  min.  midine 
at rain, 
25 
20  30 
45 
80 
Stage at intro- 
duction  of ME 
Two pro-nuclei 
in all cells 
Few  still  un- 
fused;  most 
show  fusion 
nuclei 
Fusion nuclei 
Most  in  pro- 
phase 
Stage after 90min. 
in ME 
Two  pro-nuclei  in 
nearly all cells 
Most  nuclei  fused; 
some  in  prophase; 
few inmetaphase 
Few in prophase;most 
in metaphase 
90 per cent blocked  in 
metaphase;  rest 
passed block and di- 
vided to two cells. 
H a in nuclei after 90 
rain. in ME 
All  nuclei  labeled 
whether fused or not 
All  nuclei  labeled  re- 
gardless  of  phase 
Prophases  labeled  as 
above;  metaphases 
very lightly labeled 
A  few  nuclei  labeled, 
probably  from  two- 
cell  stage,  but  no 
metaphases labeled 
Type of cell division 
during recovery after 
180min.  in ME 
Approximately  half 
divided  1  -*  2,  and 
half  !  -* 3 or 4 
Most cells divided 1 
3 or4 
No 1~2  divisions seen; 
all dividing 1---,3 or4 
Divided 1 --~ 3 or 4 and 
2  ~  4;  a  few  pro- 
gressed to higher cell 
numbers; asyn- 
chronism 
State of centers 
Approximately  half 




All  duplicated  for 
first  division;  for 
second  division 
most not 
*MEismercaptoethanol. 
eight-cell stage; accordingly the mercaptoethanol 
was removed so that the pattern of cleavage could 
be observed during the recovery period. 
Development  of  eggs  exposed  to  mercapto- 
ethanol is not blocked unequivocally  at the outset; 
rather, as with many other mitotic inhibitors, the 
stage  of  final arrest  varies  depending upon  the 
stage at  which  the blocking agent is introduced. 
As shown in Table I, when mercaptoethanol was 
added  15  minutes after fertilization, the egg and 
sperm nuclei failed to fuse and persisted as sepa- 
rate  entities as  long as  the  blocking agent  was 
present.  During  this  time,  however,  DNA  syn- 
thesis occurred, since all nuclei were labeled. When 
allowed to recover,  approximately half of the cells 
divided from one cell into two, and the remainder 
from one into three or four, an indication that in 
around 50 per cent of  the  cases  the  centers had 
not yet duplicated. (A division of one to three, in 
addition  to  indicating  polyspermy,  may  mean 
that only one unit of the normally duplex center 
has  completed its  duplication, or  that,  although 
two  duplex centers have formed,  one had  either 
failed  to  split  or  its  halves  failed  to  migrate; 
instead of a  tetrapolar a  tripolar spindle results.) 
Since no unlabeled nuclei were found, it appeared 
that DNA synthesis was  initiated independently 
and did not depend on the prior duplication of the 
centers. 
When mercaptoethanol was added at 20 minutes 
after fertilization some progression occurred during 
the block in eggs with fused nuclei, so that some 
prophases  and  even a  few  metaphases  were  ob- 
served.  Thymidine was  added  10  minutes  after 
the mereaptoethanol and labeling was  present  in 
all  instances. The  recovery pattern  showed  that 
by this time the centers had duplicated. 
In  the  following  batch  mercaptoethanol  was 
introduced at  25  minutes and labeled thymidine 
20 minutes later.  Most  cells progressed  to  meta- 
phase  during  the  block,  and  these  metaphase 
figures  were only very lightly labeled, presumably 
because DNA  synthesis was  nearly complete by 
the  time  the  labeled precursor  was  added.  Per- 
sistence  of  the  metaphase  condition due  to  the 
mercaptoethanol  apparently  prevented  further 
DNA synthesis? 
This finding was further borne out by the batch 
of  eggs  blocked at  60  minutes with introduction 
of  the H3-thymidine at 80 minutes. By this time 
90  per cent of  the  cells proceeded  to  metaphase 
and were  held there, while  the remainder, having 
already  passed  this  critical point, were  able  to 
divide into  two  cells.  As  a  result,  a  few  nuclei, 
derived  from  the  latter  cells,  were  labeled,  but 
none of the metaphase figures showed any labeling. 
Second  Division.--The  above  experiment  was 
repeated  with  emphasis  on  the  second  division 
instead of  the first,  since the first mitosis of  the 
fertilized egg is somewhat atypical, particularly as 
regards the origin of the centers. The strategy in 
this  case  depends on  the  following  observations: 
(a)  introduction  of  mercaptoethanol  before  or 
after  the first  metaphase  determines  whether  or 654  DEOXYRIBONUCLEIC ACID  SYNTHESIS 
TABLE II 






















duction of ME 
lstprophase 





first  meta- 
phase 
Most  in  first 
metaphase, 




Stage after 200 
rain. in ME 
Blocked,  in recta- 
phase 
Blocked,  in meta- 
phase 
Most in metaphase. 
Few  have  di- 
vkled to two 
80 per cent in meta- 
phase. Rest two- 
i 
cells with micro  I 
nuclei  and  per- 
sisting asters  I 
20per centinmeta- ~ Metaphases 
phase. Rest two-  I  labeled; 
cells with micro-  I  2 
Ha in nuclei after: 
110 rain.  200 rain.  Recovery 
in ME  in ME  from ME 
None  None  All labeled 
None  None  All labeled 
Metaphases  not  All labeled 
labeled;  nuclei 
from  two  cells 
densely labeled 
Metaphases  not  All labeled 
labeled;  nuclei 




phase  r  I  from  cells  ! 
nuclei  I  densely labeled 
Most beg nn  ~gi  Over  90  per  cent  i  Rare unlabeled first 
•  .  .  .  I  firstdlvlslon I  two-cells  nearly  ¢  metaphase. 
!  all  in  second  }  Others alllabeled 
I  metaphase. 
Type of cell 
dMsion during 
recovery from 
I  ME 
i Most  cells  di- 
vided  I  ~  3 
i  or  4 
Most  cells  di- 
vided  1  +  3 
I  or  4 
I 
j  Few 1 ~  3 or 4; 
I  mostly  2  ~  3 
I  or  4 
Few  1~  3 or 4; 
and a few  2 
I  6or8 
All labeled  i  Some 2 +  4, and 
I  many 2 --~ 6, 7 
or 8 
All labeled  Mostly 2 ~  6. 7, 
I  or  8 
I 
Stage of centers 
Duplicated for first 
division 
Duplicated for first 
division 
Second  duplication 
blocked 
Mostly  blocked; 
few  passed 
block 
Some  blocked  and 
some  duplicated 
Most  duplicated 
j  I 
not the cells will remain blocked or divide into two, 
anti  (b)  during  this time the centers are duplicat- 
ing  in preparation  for  the  second  mitosis,  at  the 
start  of  which  four  duplex  centers  are  normally 
present.  Whether  or  not  duplication  of  centers 
has  occurred  is  indicated  by  whether  the  cells 
recovering from the block divide from two to four 
or from  two to eight respectively. 
The  experimental  plan  and  the  results  are 
shown  in Table  II.  The  earliest exposure  to mer- 
captoethanol  (60  minutes)  was  before  the  first 
metaphase, and  the latest (11(1 minutes)  was  just 
as the cells were beginning to divide. A 20 minute 
interval was allowed  throughout  for  the  mercap- 
toethanol  block  to  become  effective before  intro- 
duction of the Ha-thymidine. Samples of cells were 
examined after both  110 minutes and  200 minutes 
in  mercaptoethanol.  The  results  confirmed  the 
previous  findings:  all  nuclei  were  labeled  except 
for those which were nearing metaphase  and  com- 
pletion of DNA synthesis  before exposure  to  the 
Ha-thymidine.  As  before,  the  initiation  of  DNA 
synthesis  did  not  hinge  upon  duplication  of  the 
centers,  since  the  labeling  was  the  same  even 
when center duplication was suppressed,  as  shown 
by recovery patterns  of lwo cells dividing to four. 
At the end of  110  minutes' exposure to mercapto- 
ethanol,  at  the  time  the first  set  of  samples  was 
taken,  the  remaining  cells  were  washed  three 
times with a  solution of non-labeled thymidine and 
rnercaptoethanol  in sea water,  in order to  remove 
the  isotope  or  dilute  it  to  ineffectiveness  with 
unlabeled material and thus stop further incorpora- 
tion.  (The  non-labeled  thymidine  was  100-fold 
more  concentrated  than  the  isotopically  labeled 
compound.)  An additional 90 minutes' incubation 
was  carried  out  in  mercaptoethanol  plus  non- 
labeled  thymidine  with  the  non-labeled  com- 
pound.  Samples taken at the end of this time (2(/0 
minutes  in  mercaptoethanol)  showed  no  labeling 
of  metaphases.  However,  even  when  the  mer- 
captoethanol  and  any  residual  extracellular  H a- 
thymidine  were  removed  by  three  additional 
washings  with  non-labeled  thymidine  solution 
and  the  cells allowed  to  recover,  all  nuclei  were 
heavily labeled. It appears ttnat even though DNA 
synthesis could not proceed in cells with condensed 
chromosomes, thymidine was  being  taken  up  and 
possibly  incorporated  into  DNA  precursors,  so 
that removal of the block resulted in early nuclear 
labeling in these cells. 
These  precursors  are  obviously  some  inter- NANCY L.  R.  BUCHER AND  DANIEL  MAZIA  655 
mediates on  the pathway  between  thymidine and 
macromolecular  DNA,  and  the  fact  that  they 
were  not  detected  in  autoradiographs  suggests 
that  they are low molecular weight units,  soluble 
in  the  alcohol-acetic  fixative  or  in  the  solutions 
used  to  prepare  the  eggs  for autoradiography.  A 
likely guess  is  that  they are  di-  or  triphosphates 
of thymidine. 
The  failure  of  DNA  synthesis  to  occur  during 
metaphase  was  clearly not  due  to any  inhibitory 
effect of  mercaptoethanol  upon  this  process,  but 
was secondary to the prolongation of chromosomal 
condensation  by the blocking agent. 
DISCUSSION 
A number of distinct mechanisms are now recog- 
nized  as  capable  of exerting a  measure of  control 
over normal  cell division  (10,  2).  Their interrela- 
tions are obscure, although it is obvious that some 
sort  of  machinery  must  exist  to  integrate  them 
into a  coordinated process.  In the present study a 
search was made for a possible interaction between 
two of these mechanisms. Since certain  inhibitors, 
for  example  ultraviolet  radiation,  when  applied 
beyond  a  certain  point,  affect  not  the  current 
division  but  the  subsequent  one  (l),  we  focused 
our  attention  upon  the first  identified  event of a 
given  mitosis--the  duplication  of  the  centers. 
That this process might serve to pace later  events 
in  the  time  sequence  is  an  extremely  attractive 
hypothesis,  but  our results  clearly show that  it is 
untenable;  the  synthesis  of  DNA,  which  is  ob- 
viously  of  supreme  importance  to  the  mitotic 
function,  is  initiated  at  the  appropriate  times 
regardless of whether replication of centers has or 
has not occurred. 
It  is  interesting  in  this  regard  that  in  the first 
division in  the sea  urchin,  although  DNA forma- 
tion  is  normally  preceded  by  pronuclear  fusion, 
it proceeds at the proper time in mercaptoethanol- 
treated  eggs,  even  though  the  two  nuclei  remain 
unfused.  When  cells  are  blocked  at  metaphase 
and  the  chromosomes  are  held  in  the  condensed 
state  further  synthesis  does  not  occur,  but  it 
resumes promptly by the end of telophase or early 
interphase.  The evidence suggests  that the forma- 
tion  of  DNA  precursors  may  go  on  even  during 
the  metaphase  block.  This  rapid  resumption  of 
synthesis  at  the end  of telophase  is characteristic 
of normal non-blocked eggs also  (7,  8).  DNA syn- 
thesis follows the nuclear cycle,  even if  the  extra- 
nuclear mitotic events are distorted. 
Although  mercaptoethanol  prevents  duplica- 
tion  of  the  cell centers  they are able  to  separate 
and  migrate  at  the  usual  intervals,  an  indication 
that,  like  DNA  synthesis,  these  latter  processes 
are  functioning  normally.  If  there  is  a  single 
initiating  mechanism  for  mitosis  and  if it  should 
reside  in  the  centers  it  must  be  independent  of 
their  prior  duplication.  Only  by  exploring  such 
relations stepwise can a  final picture  be drawn. 
SUMMARY 
When  the first  or second  divisions of  fertilized 
eggs of S. purpuratus  were blocked  by mercapto- 
ethanol,  I-P-labeled  thymidine  was  incorporated 
into DNA regardless of whether or not duplication 
of the cell  centers had  occurred.  Thus  the  initia- 
tion of DNA synthesis appears  to be independent 
of the mechanism which produces focal centers for 
the  organization  of  the  mitotic  apparatus. 
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